PHITS, a general-purpose Particle and Heavy Ion Transport code System, has been used for various research fields such as radiation science, accelerator and its shielding design, space research, medical application, material research, and so on. Further developments of the PHITS code by improving the reaction models, including new physical processes and providing better user interfaces, are actively performed by the collaboration between RIST, JAEA, KEK, and Chalmers University. Recent developments of the PHITS code are presented concerned with the functions for "neutron long beam line", high energy extension of the JQMD model, and event generator mode for low energy neutron transport.
I. Introduction 1
Particle and heavy ion transport code is an essential implement for various research fields such as radiation science, accelerator and its shielding design, space research, medical application, material research, and so on. We have therefore developed a general-purpose particle and heavy ion transport Monte Carlo code system, PHITS 1) . In the PHITS code, we have used two simulation codes JAM 2) (Jet AA Microscopic Transport Model) and JQMD 3) (JAERI Quantum Molecular Dynamics) for intermediate and high energy nuclear reactions. JAM is a simulation code based on INC (intra-nuclear cascade) model, which explicitly treats all established hadronic states including resonances with explicit spin and isospin as well as their anti-particles. On the other hand, JQMD is a simulation code based on the molecular dynamics. A typical feature of QMD compared with that of the INC model is that QMD can describe not only nucleon-nucleus reactions but also nucleus-nucleus reactions in the same framework. The JQMD code has been widely used to analyze various aspects of heavy ion reactions as well as of nucleon-induced reactions 3, 4) . By using these nuclear reaction models and evaluated nuclear data for low energy neutron reactions, PHITS has shown a great ability of carrying out the radiation transport analysis of various particles and heavy ions in a wide energy range. We are, however, still developing the PHITS code by improving the reaction models, including new physical processes and providing better user interfaces. In this paper, we report the present status and recent developments of the PHITS code.
II. Overview of PHITS

The Transport Particles and Energy Range.
*Corresponding Author, E-mail:niita@tokai.rist.or.jp © Atomic Energy Society of Japan In PHITS, neutrons can be transported from thermal energies up to 200 GeV. Below 20 MeV down to 0.1 meV, neutrons are described in the same manner as in the MCNP4C code 5) based on the Evaluated Nuclear Data such as the ENDF-B/VI 6) , JENDL-3.3 7) , and LA150 libraries 8) . For the neutron induced ractions above 20 MeV, the simulation model JAM is used. For protons and other hadrons, JAM is also used above 1 MeV up to 200 GeV. But for charged particles except for nuclei below 1 MeV, only the ionization process is considered until the charged particles are stopped. PHITS also uses Evaluated Nuclear Data for photon and electron transport in the same manner as in the MCNP4C code based on ITS version 3.0 code 9) . The energy range of electron and photon was restricted to the energy region 1 keV -1 GeV, but the extension of the maximum energy of these particles has been done recently by including the EGS5 code 10) .
One of the advantages of the PHITS code is that PHITS can transport nuclei in materials. Below 10 MeV/n, only the ionization process for the nucleus transport is taken into account, but above 10 MeV/n the nucleus-nucleus collisions up to 100 GeV/n is described by the simulation code JQMD. The QMD simulation, as well as the JAM simulation, describes the dynamical stage of the reactions. At the end of the dynamical stage, excited nuclei are created and must be forced to decay in a statistical way to get the final observed state. In PHITS, the GEM model 11) (Generalized Evaporation Model) is employed for light particle evaporation and fission process of the excited residual nucleus.
The Magnetic Field.
For simulating the transport of charged particles and heavy ions, the knowledge of the magnetic field is sometimes necessary to estimate beam loss, heat deposition in the magnet, and beam spread. PHITS can provide dipole and quadrupole magnetic fields in any direction and any region of the setup geometry. In contrast to other beam transport codes, PHITS can simulate not only the trajectory of the charged particles in the field, but also the collisions and the ionization process at the same time. This is a great advantage of PHITS for the design study of the high intensity proton and heavy ion accelerator facilities, where one must estimate heat deposition, radiation damage of the magnets and the radiation shielding, as well as perform trajectory calculations.
The Ionization Process.
For the ionization process of the charged particles and nuclei, the SPAR code 12) is used for the average stopping power dE/dx, the first order of Moliere model for the angle straggling, and the Gaussian, Landau and Vavilov theories for the energy straggling around the average energy loss according to the charge density and the velocity of the charged particles. In addition to the SPAR code, the ATIMA package 13) developed at GSI group has recently been implemented as an alternative code for the ionization process in PHITS.
The Total and Elastic Cross Sections.
The total reaction cross section, or the life time of the particle for decay is an essential quantity in the determination of the mean free path of the transport particle. According to the mean free path, next collision point is chosen using the Monte Carlo method. It is therefore very important that reliable data of total, non-elastic and elastic cross sections is used for the particle and heavy ion transport. In PHITS, the Evaluated Nuclear Data is employed for neutron-induced reactions below 20 MeV. For neutron-induced reactions above 20 MeV, the parameterization is used 14) . As for the elastic cross sections, the Evaluated Nuclear Data is also used for neutron-induced reactions below 20 MeV, and the parameterization is used above 20 MeV 14) . The parameterizations are also used for proton induced reactions for all energies, and for the double differential cross sections of elastic nucleon-nucleus reactions 14) . Recently we have also adopted the NASA systematics developed by Tripathi et al., 15) for the total nucleus-nucleus reaction cross section, as an alternative to the Shen formula 16) .
The Radioactivity Calculation.
In order to calculate the induced radioactivity, we can use the burn-up code DCHAIN-SP2001 17) incorporated with the PHITS code. By the PHITS calculations, one can obtain the production cross sections of nuclei produced by the high energy nuclear reactions and the neutron spectra below 20 MeV in 175 groups. These two outputs of the PHITS calculations are used as an input data of the burn-up calculation performed by the DCHAIN-SP code, in which 175 group neutron activation cross section data library, decay data library including γ-ray spectrum, and electron capture, β + decay ratio data library are employed. As a result of the burn-up calculation by DCHAIN-SP, the number of produced nuclides, activity of nuclide, decay heat of nuclide and γ-ray spectrum are obtained as a function of time. One can also transport this γ-ray by using the PHITS code with the same geometry.
Tally and Utilities.
User interface and tally, which is a detector in the code to get desirable information from the simulation, are important equipment in a general-purpose transport code. PHITS provides a variety of tallies, which score track length, flux and current of crossing surface, produced particle and residual nucleus at the collision, average heat and distribution of deposit energy, star density, and DPA (displacements per atom). These quantities can be tallied in a cell defined by the geometry and also by the super-imposed r-z and xyz scoring meshes. The meshes of energy, time and angel are additionally set for each tally quantities.
The final results of the tallies are written on a text file. At the same time, PHITS generates an EPS (Enhanced PostScript) file, which can be shown on the monitor as a graph, by the graphic utility ANGEL 18) included in PHITS. This function can be used even in running time of the calculation. So you can check immediately how the calculation proceeds and how the statistics of the tally quantities increases on your monitor during the calculation. This is a good utility in 3D Monte Carlo calculation, since we sometimes have to change the parameters of the variance reduction in an iterative way to get good statistics.
III. Recent Developments of PHITS
We have developed many new functions and tallies, improved reaction models, included new physical processes and provided better user interfaces in the PHITS code in these years. Here we picked up three topics of the recent developments of PHITS, (1) functions for neutron long beam line, (2) high energy extension of the JQMD code, and (3) event generator mode for low energy neutrons, and discuss the detail of these functions.
Functions for Neutron Long Beam Line.
For neutron scattering instruments at a 1-MW spallation neutron source facility in the Japan Proton Accelerator Complex (J-PARC), we have to study the performance of the neutron mechanical and optical devices with the beam-line shields in order to achieve the highest possible signal-to-background ratio. For this, we have developed the PHITS code further by including new functions for optical and mechanical devices for neutron scattering experiments such as supper mirror and T0 chopper, respectively. In addition to these functions for the optical and mechanical devices, PHITS has been also developed in order to simulate neutron transport under various external fields. PHITS supports the neutron transport simulations under gravity and under dipole, quadrupole and sectupole magnetic fields and user-defined magnetic fields by the finite element method for neutrons by introducing the Lamor precession of neutron spin as a dynamical variable. Furthermore, PHITS can simulate neutron transport and scattering process under a time dependent magnetic fields, which will be used to develop a neutron-focusing device for the small-angle neutron scattering instrument. In Fig. 1 , we show a typical example of the neutron motion in the sextupole magnet with gravity field simulating the experimental setup at JRR-3 research reactor at JAEA. The strength of the magnet is 7.13×10 4 T/m2, while the incident neutron is an unpolarized one with 13.4±3Å energy. One can see in this figure that the half is divergent and the other is focused according to the initial spin of the neutron affected by the gravity field. In contrast to the neutron ray-trace Monte Carlo simulation packages, PHITS can treat not only the neutron scattering processes for a ray tracing but also the transport processes for a shielding design by simulating neutron interactions with various materials and by production of secondary particles at the same time. This is a great advantage of PHITS for studying the beam-line shield design especially for "neutron long beam lines" in which the optical and mechanical devices play an important role for neutron scattering experiments. For an example, the neutron dose around the neutron beam-line after a curved guide tube is almost governed by the flux loss of thermal neutron at the surface of the supper mirror in the curved guide, since the high-energy (MeV and keV level) neutrons are reduced drastically by the curved guide.
In addition to the equipments implemented in the PHITS code, one has to introduce special Monte Carlo techniques for the simulation of neutron transport through the long beam-line to obtain enough statistics in the final results. In fact, two-step calculations were introduced. In the first step, we calculate the neutron and photon flux at the entrance of each beam-line starting from a collision between target and incident protons. The calculated flux data for each beam-line are stored in a database and used as a source in the second step calculation for each beam-line from the moderator to the detectors. In the second step calculation for the beam-lines from the moderator to the detectors, we need another Monte Carlo technique for variance reduction, since the beam current transported through the beam-line decreases proportional to the inverse square of the distance from the moderator. This means that the current crossing the wall of the beam-line, which is called as "wall current", at 100m point is six order of magnitude smaller than that at 1m point from the moderator. To reduce this variance, we have introduced a special function of the particle source in which the wall current of the particle in the calculation is equalized at any point of the beam-line by changing the importance weight of the particle to simulate a real situation of the current inside the beam-line (we call this "duct source option"). The introduction of the Monte Carlo techniques to PHITS code highly reduces the computing time and provides a reliable calculation to design shielding for the long beam-line of the spallation neutron source facility at J-PARC.
To check the validity of this method, we have compared the results by this method with the results by one through calculation using the point estimator in MCNPX code. Figure 2 shows the results of the current inside the beam-line and the wall current as a function of the distance, L, from the moderator. In an ideal case, the current is proportional to 1/L 2 , while the wall current is proportional to 1/L 3 . The deviation of the calculation results compared to the ideal case around a small L region is due to the beam flux coming into the beam-line from the margin area of the moderator to the size of the cross-section of beam guide. The wall current calculated with MCNPX is derived by the derivative of the current. Therefore there exist some fluctuations in the wall current by the MCNPX calculation, though the current is nearly smooth. On the other hand, the duct source calculated with PHITS shows a good agreement with that calculated with MCNPX and is very smooth as wall current. 
High Energy Extension of the JQMD code
The JQMD model was developed with the intent to provide a unified description of various aspects of nuclear reactions. By combining JQMD and the statistical decay model GEM, one obtains a hybrid model that can describe accurately both the fast dynamical stage and the slow statistical stage of the reaction and, thus, reproduce measured double-differential cross sections for the production of protons and neutrons in proton-nucleus 3, 4) and nucleus-nucleus collisions 19) . There are other observables, however, that JQMD does not reproduce as accurately as double-differential cross sections for nucleon production; for
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example, fragment yields in heavy-ion reactions are sometimes in sensible discrepancy with the experimental data 20) , especially for soft, peripheral reactions that only entail stripping of a small number of nucleons. The cause of these shortcomings can be traced back to a small intrinsic instability of the ground state of the JQMD nucleus, which in fact can emit nucleons spontaneously because of potential-energy fluctuations and alter significantly the final yields of soft, peripheral reactions (hard, central collisions are not very sensitive to the details of the initial configuration). These instabilities have two main reasons: firstly, the JQMD formalism is not completely relativistically covariant, which implies that the dynamics of a nucleus is somehow dependent on the frame of reference used. Secondly, the ground state that JQMD nuclei are initialized in is only an approximation; in all QMD models, it is conceptually impossible to create the ``real'' ground state, i.e. the lowest-energy eigenstate of the quantum-mechanical n-body Hamiltonian operator, which is influenced by Pauli's exclusion principle. (In a semi-classical n-body theory, like QMD-models, Pauli's principle is not taken into account and particles are thus allowed to move closer to each other). If we want to describe peripheral nucleus-nucleus reactions consistently in the JQMD framework, it is necessary to switch to a relativistically covariant formalism and to improve the ground-state initialization algorithm, in order to suppress spurious potential-energy fluctuations and particle decays. Recently, Mancusi et al. has thus introduced R-JQMD 21) , an improved and fully covariant version of JQMD that also features a new ground-state initialization algorithm for nuclei. This new version of JQMD will be included in the PHITS code in the near future, and expected to give much reliable results for the fragmentation cross sections at high energy heavy-ion reactions. The double differential cross sections of neutron from proton induced reactions, for an example, are not as sensitive to relativistic effects, thus, one should not expect large differences in the results by R-JQMD and JQMD. We have verified this by computing double differential energy angle cross sections in Fig.  3 . It is clear that R-JQMD and JQMD do not differ very much as far as neutrons spectra are concerned 21) .
Event generator Mode for Low Energy Neutron.
Most of the Monte Carlo transport calculations are based on Boltzmann equation for one-body phase space distribution of the transport particles. In such transport calculations, one can obtain only the mean value of the one-body observables in the phase space, e.g. heat, flux, and dose, but one cannot calculate the fluctuations around the mean value. Recently, however, the higher order quantities, i.e. the fluctuations around the mean values of the one-body observables are often required. A typical example for such a correlated quantity is the deposit energy distribution in a cell, which is necessary to estimate the response function of detectors, the single event upset probability of semiconductor memory cells and the radiation effects in a micro-dosimetric treatment. The solution of the Boltzmann equation cannot describe the distribution but only the mean value. Furthermore, Monte Carlo calculations by using the nuclear data cannot deal with these quantities, since the nuclear data includes only the inclusive one-body cross sections but no information of the correlations. We have therefore developed a new treatment of radiation behaviour for the transport of the low energy neutrons by introducing an event generator model, in which we have combined the nuclear data and a special reaction model so as to trace all higher correlations among ejectiles keeping the energy and momentum conservation in a collision.
For high energy transport calculations, the nuclear reaction models such as JAM and JQMD are commonly used instead of the evaluated nuclear data to describe the ejectiles from each nuclear reaction. The reaction models usually generate each event with keeping the energy and momentum by the Monte Carlo method. In this sense, the reaction model is called as "Event Generator". Therefore we can extract any information from the transport calculations with such reaction models. On the other hand, the transport calculations based on the Boltzmann equation with the nuclear data have no such concept of "Event". For the actual numerical solution of the Boltzmann equation, one usually employs the test particle method where the one-body phase-space distribution function is evaluated by integrating the test particle tracks in the phase-space. In this numerical calculation, things are going on in a very similar manner as in the high energy transport calculation with the event generator. However, there is no "Event" in this type of calculations. One history in this type of calculation has no physical meaning but gives us only a statistical weight. The observables are obtained after averaged out the statistical weight. There is no physical meaning in the distribution around the mean value but only the statistical variance. However, the distribution around the mean value calculated in the high energy transport code with the event generator mode is a real physical quantity, which is often required as mentioned above. Therefore, we have developed a model to determine the energy and momentum of all ejectile in event PROGRESS IN NUCLEAR SCIENCE AND TECHNOLOGY et al. Koji NIITA by event by using the information of the nuclear data and combining a special statistical decay model, which is described in the followings.
At first, we use the total cross section and the channel cross sections from the evaluated nuclear data to choose a channel of the collision. We categorize the channels by the number of outgoing neutrons. For the channel which does not produce neutrons, we call this "capture" channel, the excitation energy and momentum of the captured nucleus is determined uniquely from the incident energy of neutron and target nucleus. For the decay process of this excited nucleus, we apply a special statistical decay model, in which the decay width of neutron is assumed to be zero for the capture channel. Considering the charged particle decay and photon decay in a statistical way, we can determine all energy and momentum of ejectiles and residual nucleus for the capture channel.
For the elastic channel, which is one of the channels categorized as one outgoing neutron, we choose the scattering angle of outgoing neutron by the Monte Carlo method according to the evaluated nuclear data. We can then determine the energy of neutron and the momentum of the recoil nucleus uniquely by the kinematics of the elastic collision.
Next channel is the inelastic channel of (n,n') case, which is also a channel with one outgoing neutron. For this case, we first choose the momentum of the outgoing neutron according to the double differential cross sections of the evaluated nuclear data by Monte Carlo method. By the kinematics of this emission, we can uniquely determine the excitation energy and the momentum of the residual nucleus. We then apply the same statistical decay procedure as in the capture channel without neutron decay width since there is no more neutron emission after the first neutron emission for this channel.
Finally for (n,Nn') channel, which is a channel with N outgoing neutrons, we choose the momentum of the first outgoing neutron in the same way as in the (n,n') case. After one nucleon emission, we apply only neutron decay procedure to the excited nucleus until N nucleons are emitted. After N neutrons are emitted, the special decay procedure without neutron decay width is applied.
By the above procedure, we can treat a low energy neutron collision as an "Event", keeping the energy and momentum conservation and preserving the channel cross sections and the inclusive neutron double differential cross sections, which are given by the evaluated nuclear data.
By the event generator mode in PHITS for low energy neutron transport phenomena, we can calculate many new quantities which cannot be obtained by MCNP-type calculation, e.g. kinetic energy distribution of residual nuclei and charged particles, two-particle correlation, and so on. Here we show an example of the event generator mode in PHITS, i.e. deposit energy distribution in a cell, which is a typical quantity beyond one-body observable. This quantity is well known as a pulse height tally in MCNP. However, this is a conceptually wrong quantity to be treated in the MCNP-type calculation as discussed before. As mentioned in the MCNP manual, this tally is very restricted to use for neutron transport in MCNP. Namely, this tally does not work if a collision produces multiple neutrons. Figure 4 shows the deposit energy distribution in a thin Si tip irradiated with mono energetic neutron at 19 MeV. The thickness of the Si tip is 3 μm. If we calculate the deposit energy by using the Kerma factor in MCNP-type calculation, we get a delta-function-like single peak at 100 eV with almost no distribution. However, Fig.4 shows broad distribution obtained by the event generator mode in PHITS, where the deposit energy is estimated from the ionization losses of the charged particles and the recoil nuclei. This distribution is not due to a statistical fluctuation in the Monte Carlo numerical calculation but a physical quantity to be considered. This distribution is also very important to estimate the single event upset probability of semiconductor memory cells, since only the events which induce the deposit energy greater than a certain threshold energy contribute to the error. In Fig. 4 , we have plotted two distributions, solid line and dashed line. The dashed line was obtained by the local approximation, in which all charged particles and recoil nuclei produced in neutron induced reactions are assumed to be stopped and deposit their kinetic energy at the collision point. This approximation is valid under the condition where the range of charged particles is much smaller than the size of the system. For this example, the both are comparable, since the range of charged particles is of the order of μm, while the thickness of Si is 3 μm. Therefore we transported the charged particles and the recoil nuclei in the PHITS calculation without the local approximation. The result is shown by the solid line in Fig. 4 . This shows that the highest peak of the dashed line is disappeared. This means that some part of the charged particles or the recoil nuclei (mainly alpha particles for this case) can escape from Si tip to the outside.
This example indicates two important points. The first is that the deposit energy distribution in a cell is well described by the event generator mode in PHITS even for low energy
Vol. 1, FEBRUARY 2011
neutron transport below 20 MeV. The second is that the local approximation is not valid for the system whose size is comparable to the range of the transport charged particles and recoil nuclei.
IV. Conclusion
We have developed the general-purpose Particle and Heavy Ion Transport code System PHITS, which is an essential implement for various research fields such as radiation science, accelerator and its shielding design, space research, medical application, material research, and so on. Description of nuclear reactions in the code is one of the key quantities to determine the accuracy of the transport code. In PHITS, we have incorporated two important models, JAM and JQMD, to simulate the particle induced reactions up to 200 GeV and the nucleus-nucleus collisions, respectively.
In this report, we have briefly presented the models incorporated in the PHITS code and discussed the present status and summarized the recent developments of the code. We have picked up three topics of the recent developments of PHITS, (1) functions for neutron long beam line, (2) high energy extension of the JQMD code, and (3) event generator mode for low energy neutrons, and discuss the detail of these functions. By these new functions, PHITS has had a much wider ability of carrying out the radiation transport analysis of almost all accelerator facilities of protons and heavy ions within a wide energy range, as well as the possibilities to be used in a wide fields of applications, e.g. semiconductor soft errors, BNCT, radiotherapy, and radioprotection of personnel on space missions.
